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Photonic crystals (PCs) offer unique ways to control light-matter interactions. The measurement
of dispersion relations is a fundamental prerequisite if we are to create novel functionalities in PC
devices. Angle-resolved spectroscopic techniques are commonly used for characterizing PCs that
work in the visible and near-infrared regions. However, the techniques cannot be applied to the
mid- and long-wavelength infrared regions due to the limited sensitivity of infrared detectors. Here,
we propose an alternative approach to measuring infrared dispersion relations. We construct a
high-precision angle-resolved setup compatible with a Fourier-transform spectrometer with an angle
resolution as high as 0.3 degrees. Hence, the reflection spectra are mapped to the 2D photonic band
structures of In(Ga,Al)As/InP based PC slabs, which are designed as mid-infrared PC surface-
emitting lasers. We identify complex PC modes with the aid of polarization selection rules derived
by the group theory. Spectral analysis makes it possible to evaluate the mode quality (Q) factors.
Therefore, angle-resolved reflection is a useful way of optimizing 2D PC parameters for mid-infrared
devices.
This is the version of the article accepted for publi-
cation in Physical Review Applied. The final published
version will be available from the journal’s site as an open
access paper.
I. INTRODUCTION
Photonic crystal (PC) surface-emitting lasers (PC-
SELs) are an emerging laser architecture whose unique
characteristics include a high output power that scales
with the device area, good mode quality, and low beam
divergence thanks to the high spatial coherence across
the entire device [1–4]. The principle of the laser action
relies on the zero group velocity of light at photonic band
edges, which results in strong in-plane feedback inside a
PC slab. Moreover, when band edges are formed at the
Γ point in momentum space, radiation into free space
occurs purely out-of-plane, i.e., normal to the slab, as
a consequence of momentum conservation rules. Hence,
careful PC design that realizes perfect resonance between
the band edge mode and material gain frequencies is es-
sential for achieving vertical emission. The measurement
of in-plane dispersion relations is thus frequently required
to verify optimum conditions in fabricated devices.
A technique commonly used to characterize photonic
band structures in PCSEL devices is the angle-resolved
observation of sub-threshold luminescence spectra [5–7].
Light waves, which are associated with spontaneous emis-
sion from gain media and then coupled to in-plane PC
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modes, are diffracted into free space along particular di-
rections, which conserve wavevector projections to the
slab plane [8]. Hence, the angular profiles of the emission
spectra are mapped to two-dimensional (2D) photonic
band structures, similar to the electronic band struc-
tures revealed by angle-resolved photoelectron spectra
(ARPES). The technique is widely used for the character-
ization of visible and near-infrared wavelengths PCSELs.
However, the technique cannot be applied to mid-infrared
wavelengths due to the limited sensitivity of infrared de-
tectors. To develop mid-infrared PCSELs, which take
advantages of novel quantum cascade laser (QCL) tech-
nologies [9–12], an alternative scheme is required for char-
acterizing PC slabs.
Recently, we reported the use of angle-resolved reflec-
tion measurement to determine infrared dispersion re-
lations in model PC slabs based on silicon-on-insulator
(SOI) waveguides [13]. We put considerable effort into
achieving high angle resolution and developed a high pre-
cision variable-angle reflection apparatus that is compat-
ible with a Fourier transform spectrometer [14]. Here,
we apply the angle-resolved reflection technique to the
characterization of actual PCSEL devices formed of
In(Ga,Al)As/InP based QCL multi-layer structures. We
identify complex PC modes in the vicinity of the Γ point
with the aid of rigorous polarization selection rules de-
rived by the group theory [15]. Moreover, spectral analy-
sis makes it possible to evaluate the quality (Q) factors of
waveguide modes semi-quantitatively. Thus, the angle-
resolved reflection measurement is a useful tool with





























Mid-infrared QCL multi-layer structures were grown
on n+ InP(100) by molecular beam epitaxy. We grew
a lattice-matched InGaAs buffer layer with a thickness
of 1.0 µm, an InP bottom cladding layer with a thick-
ness of 2.5 µm, and a thin InGaAs guiding layer with a
thickness of 0.3 µm, followed by InGaAs/InAlAs strain-
compensated multiple quantum wells (MQWs) with a to-
tal thickness of 1.6 µm. The MQWs serve as a QCL
active layer that has an optical gain at a center wave-
length of 4.387 µm. We then grew a 1.0 µm thick InGaAs
layer, which we used for PC processing. See, the layer
sequence and the expected refractive indices in Fig. 5(a)
in Appendix.
Finite-element calculations were carried out to deter-
mine the target PC design, that is a 2D square lattice
of InGaAs cylindrical pillars with a height of 0.8 µm, a
radius of 0.565 µm, and a lattice constant (a) of 1.36 µm.
This design results in a resonance between the measured
QCL frequency and the second lowest band edge at the
Γ point (Γ (2)) in the first Brillouin zone. (The Γ (2)
band edge originated from zone folding at the X sym-
metric point.) Here, we deal mainly with the TM-like
polarization modes, since a QCL employs inter-subband
electronic transitions, which have dipole moments per-
pendicular to the MQW layer.
Three millimeter square PC slabs with a = 1.33, 1.36,
and 1.39 µm were fabricated using electron beam lithog-
raphy and reactive ion beam etching techniques. (SiO2
was used as a mask for the dry etching.) Note that the fi-
nal PCSEL devices have another InP layer on top, which
serves as a top cladding layer and then InGaAs pillars are
embedded, followed by a metal gate. We study the sam-
ples before InP regrowth and metal gate deposition. The
laser action of the final PCSEL devices will be reported
in a forthcoming article.
B. Measurement setups
Mid-infrared angle-resolved reflection measurements
were performed using a Fourier transform spectrometer
(Jasco, FT/IR-6800) attached to a home-built variable
angle apparatus, where infrared light was carefully col-
limated, and beam divergence was limited to less than
0.3◦. The collimated beam passed through an infrared
beam splitter, which then transmitted the beam from the
sample to the detector. The setup enabled us to observe
reflection spectra even at normal incidence, and to change
the incident angle (θ) from −3.7◦ to +3.7◦ across zero.
A wire grid polarizer was inserted into the beam path,
and it allowed to resolve p- and s-polarized components,
which have the electric field parallel and perpendicular
to the incident plane, respectively. The unique design,
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FIG. 1. Normal incidence reflection spectra for samples with
different lattice constants, a =1.33, 1.36, and 1.39 µm. The
gray region indicates a CO2 absorption band, which causes
clear spectral noises. The small sinusoidal modulation su-
perimposed on the spectra is due to Fabry-Perot interference
between the top and bottom surfaces of the sample, as high-
lighted by the expanded spectrum in the inset.
determine the mode frequencies as a function of in-plane
wavevector and dispersion relations in the vicinity of the
Γ point.
III. RESULTS AND DISCUSSION
A. Mid-infrared characterization of PC slabs
Figure 1 shows reflection spectra at normal incidence
(θ = 0) for samples with different lattice constants. All
the samples exhibit similar spectral curves, which shift
to higher wavenumbers (shorter wavelengths) in unison
for smaller lattice constants. (The onset of noisy spectra
at 2320-2375 cm−1, as shown by the gray region, is due
to light absorption by CO2.) The observed scaling be-
havior is evidence that signature spectra are induced by
resonant coupling to PC modes.
The vertical arrows seen above each spectrum indi-
cate the mode energies calculated by the finite element
method. The first and second arrows from the left (low
wavenumber side) are the lowest energy TE-like and TM-
like modes, respectively. They are denoted by TE(1) and
TM(1). The third and fourth arrows are higher order con-
finement modes (TE(2) and TM(2)), which have a nodal
field distribution in a direction normal to the slab. (See
Fig. 5 in Appendix for the field distributions.) These
calculated modes are in fairly good agreement with the
measured spectral peaks, although the peak intensities
are strongly dependent on the mode index, as discussed
later. A discrepancy between the calculated and the mea-
sured mode energies is attributed to the use of inaccurate
refractive indices for the constituent materials, particu-
























































































































FIG. 2. Angle-resolved reflection spectra for the sample where
a = 1.36 µm. The spectra in each panel are arranged from
bottom to top, θ = 0 to ∼3.7◦ in 0.35◦ steps. (a) and (b) show
p- and s-polarized spectra, respectively, where the incident
beam is tilted inside a plane that contains the [100] axis of
the square lattice. Accordingly, the wavevector moves along
the Γ -X axis in the first Brillouin zone. (c) and (d) show the
polarized spectra when the wavevector moves along the Γ -M
axis. The peak assignments are also indicated at the top in
each panel.
tains relatively dense dopants and serves as an antiguid-
ing plasmonic layer.
Figure 2 shows a series of reflection spectra for var-
ious incident angles. Here, we study a sample where
a = 1.36 µm and analyze the spectra for both s- and
p polarizations. In Figs. 2(a) and 2(b), from bottom to
top, the incident beam is tilted from the surface nor-
mal towards the [100] in-plane axis, where the wavevec-
tor is moved from Γ to X in momentum space. For
p-polarization (Fig. 2(a)), two intense peaks, which were
classified as TM(1) and TM(2) at θ = 0, are split into two
peaks that move to the opposite side. Other small peaks
classified as TE(1) and TE(2) stay almost constant. In
contrast, for s-polarization (Fig. 2(b)) the intense peaks
do not move, but small split peaks, which originate from
TE(1) and TE(2), are apparent at θ  0.
In Figs. 2(c) and 2(d), the beam is tilted towards the
[110] axis (45◦ away from [100]), and the wavevector is
moved from Γ to M . In this geometry, all the peaks split
and shift as the angle θ increases. Polarization depen-
TABLE I. Selections rules for the observation of spectral
peaks around the Γ (2) band edge in C4v symmetric PC slabs.
Modea Γ -X Γ -M





a These mode symmetries are defined with the symmetry
operation of magnetic fields.
dence is not evident in these plots, but we will analyze the
significant energy shift between the s- and p-polarized
spectra. See also the spectral comparison in Fig. 4(a).
B. Mode assignment and dispersion relations
We assign these reflection peaks in terms of irreducible
representations of the C4v point group [15]. For a uniform
slab with no periodic index modulation, the band edge at
the Γ (2) point has a four-fold degeneracy, which is then
lifted into a doubly degenerate E mode and two other
non-degenerate modes when the C4v symmetric modu-
lation is introduced into the slab. The non-degenerate
modes are assigned to A1 and B1 for the TE-like modes,
and A2 and B2 for the TM-like modes, where we con-
sider the symmetry operation of magnetic fields. These
mode symmetries are consistent with the prediction by
the group theory based on the zone folding of TE and TM
planar waveguide bands [15]. Of these modes, only the
E mode is optically active at normal incidence, but the
other modes are inactive due to symmetry mismatching.
At off-normal incidence, all the modes become active and
split. The group theory also predicts polarization selec-
tion rules for the emergence of reflection peaks, which
are described in Table I [16]. Using this table, we can
safely identify all the measured peaks. The assignment
results can be seen at the top of each panel in Fig. 2.
It is noteworthy that the above-mentioned symmetries
are defined at the Γ point, and the measured spectral
peaks at finite incident angles do not necessarily follow
the relevant symmetry characteristics.
We evaluate the center energies of reflection peaks via
fitting. For simplicity we use a multiple Gaussian func-
tion as a fitting model. The extracted energies for dif-
ferent θ values are summarized in the band dispersion
curves in Fig. 3(a), where we plot the spectral peak ener-
gies (in wavenumber units) as a function of a wavevector
projection to the slab plane, i.e., (2π/λ) sin θ, where λ
is the vacuum wavelength. For comparison, Fig. 3(b)
shows calculated band dispersion curves over 1/50 of the
first Brillouin zone. Both measured and calculated curves
agree well. Moreover, we analyzed the field distribution
of each mode, and confirmed that their symmetry agrees
with our mode assignment based on the selection rules.








































































FIG. 3. (a) Dispersion relations based on measured angle-
resolved reflection spectra in Fig. 2. (b) Calculated 2D dis-
persion relations, where we assume that a = 1.365 µm. The
abscissa is normalized to 1/50 of the wavevector at the X
band edge (π/50a) and the M band edge (
√
2π/50a).
Thus, angle-resolved reflection measurement is a useful
technique for experimentally determining photonic band
structures.
C. Q factor quantification
Figure 4(a) compares reflection spectra at θ = 3.7◦ for
different geometries and polarizations, where we focus
on the TE(1) and TM(1) frequency regions. The vertical
lines indicate the assigned peak energies, which we deter-
mined by fitting. The spectra indicate a strong intensity
dependence on the mode index. (Reflection peaks of dif-
ferent modes have different intensities.) We can speculate
that the peak intensity is related to the mode coupling
strength, and thus the inverse of the Q factor, i.e., the
rate of energy leakage from the waveguide. The following
consideration supports the validity of this speculation.
A rigorous spectral analysis of 2D PC systems proves
that the phase of electromagnetic waves transmitted
through a PC slab is shifted by π across the resonance fre-
quency [17]. Accordingly, the transmittance |T |2 goes to
zero at resonance, and the reflectance |R|2 goes to unity,
since |R|2 = 1−|T |2 for PC slabs made of non-absorbing
materials. Thus, the area (spectrally-integrated inten-
sity) of the reflection peaks roughly scales with the spec-





















































































































FIG. 4. (a) Reflection spectra at θ = 3.7◦ around the TE(1)
and TM(1) frequency regions for different geometries and po-
larizations. The vertical lines indicate the mode center ener-
gies, which we determined via fitting. (b and c) Comparison
of experimentally determined Q−1 values (red filled bars) and
theoretically obtained Q−1 values (black hatched bars) for
each mode depicted in (a) with (b) Γ -X and (c) Γ -M geome-
tries. Note that the experimental Q−1 values are proportional
to the areas of the reflection peaks.
the exact spectral shape is rather complicated due to in-
terference between the resonant spectral component and
nonresonant backgrounds. In reality, the ideally sharp
spectral structures are masked due to the influence of
PC inhomogeneities and distributed angles of incidence.
Nevertheless, we are able to assume that the peak areas
are inversely proportional to the mode Q factors.
Figure 4(b) shows experimentally determined and the-
oretically obtained Q−1 values for all the TM(1) and
TE(1) modes at θ = 3.7◦. For the experimental deter-
mination we adopt a simple expression, namely, Q−1 =
(2/π)S/ω0, where S is the peak area, i.e.,
∫
|R|2dω, and
ω0 is the mode frequency. The coefficient (2/π) arises
from the normalization factor of the Lorentzian function.
The measured Q−1 values reveal a fairly good agreement
with the theoretical Q−1 values, which we calculated us-
ing the finite element method, even without the use of
any adjustable parameters. Hence, the reflection peak
intensity provides a useful measure that is equivalent to
the mode Q factor, i.e., it constitutes key information for
understanding lasing properties.
Throughout this work we assume that refractive in-
dices are real numbers and ignore the impact of absorp-
tion loss on the mode Q factors. Hence, the Q−1 values,
which we analyzed theoretically and experimentally, are
governed purely by diffraction (radiation) loss. The Q−1
values are therefore equivalent with the rates of energy
leakage from the waveguide to free space. To clarify the
impact of material absorption on Q, we also calculate
them using adequate complex refractive indices. The
calculation results are shown by Table II in Appendix.
They indicate that the Q factors calculated using com-
plex indices (Qtotal) are significantly smaller than those
5
calculated using real indices. The observed reduction in
Qtotal is due to free carrier absorption, which is not neg-
ligible for QCL devices in the mid-infrared region. Nev-
ertheless, the present technique based on angle-resolved
reflection makes it possible to determine the output cou-
pling strengths, which are generally non-measurable if we
use standard spectral techniques.
IV. CONCLUSIONS
In conclusion, we proposed angle-resolved reflection
measurement with using a Fourier transform spectrom-
eter as a useful technique with which to determine the
in-plane dispersion relations of 2D PC slabs in the mid-
infrared region. Polarization analysis enabled us to assign
all the complex PC modes. The peak intensity evalua-
tion enabled us to determine the mode Q factors. Thus,
the reflection measurement is useful for determining the
optimal conditions for PCSEL structures.
A potential problem inherent in the proposed tech-
nique is the limited angular resolution, and it might be
rather difficult to distinguish fine splitting spectra at the
Γ point. However, the problem will be simply overcome
by introducing a novel external-cavity QCL as an excita-
tion source, since it generates a near-plane wave mid-IR
beam. However, the frequency-tunable range is not so
large. The adoption of our Fourier spectrometer-based
technique for broad spectral analysis, and frequency-
tunable QCLs for narrower spectral analysis constitute
an ideal approach for fully characterizing PC slab sam-
ples that exhibit sharp resonance spectra.
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Appendix: Analysis of electromagnetic field
distributions
This appendix shows the computed magnetic field dis-
tributions of our photonic crystal slab samples. They
were calculated using the finite element method.
Figure 5 is a comparison between the vertical field dis-
tributions of the lowest TE-like mode (TE(1)) and the
second lowest TE-like mode (TE(2)). Figure 5(a) shows
the layer sequence of our sample and the refractive indices
used for our calculation. Figure 5(b) shows the field dis-
tribution of TE(1). It is strongly confined in the MQW
layer along the z axis, which is normal to the slab surface.
Figure 5(d) shows the field distribution of TE(2), which
indicates a nodal distribution along z. See the dispersion
relations of TE(1) and TE(2) in Fig. 3(b) in the main
body of this article, and the in-plane field distributions
of TE(1) in Fig. 6(d).
Figure 6 shows the in-plane magnetic field distributions
of the TE-like modes, and Figure 7 shows those of the
TM-like modes. All the in-plane distributions exhibit
their peculiar symmetries, as can be seen in each panel.
(a)  (b) TE(1)
      E (2285.36 cm-1)
(c) TE(2)



























FIG. 5. Vertical field distributions. (a) Layer sequence used
for our calculation. Note that the z-axis is normal to the slab
surface. The refractive index n of each layer is also indicated.
The red colored notations highlight the waveguide core region.
(b and c) The z component of the magnetic field (Hz) for the
lowest TE-like mode (TE(1)) and the second lowest TE-like
mode (TE(2)), respectively.
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